We have developed cubicle-type gas-insulated switchgears (C-GISs) applying compressed air insulation technology. To apply the compressed-air insulation to the C-GISs, we identify whether breakdown in compressed air depends on the maximum field strength on high-voltage conductors, and specify the relationship between the breakdown field strength vs. non-uniformity of the electric field distribution of gaps. In this work we use three types of sample gaps to simulate the inside structure of an actual C-GIS. Field utilization factor, U is used to express the non-uniformity of electric field distribution of the sample gaps. As a result, for all types of sample gap, the breakdown field strength at the point where the maximum field is generated on the high-voltage electrode increases as U decreases. There is only small difference in the breakdown field strength among sample gaps that have the same value of U. From these results, we judge that insulation design based on both the field strength on high-voltage conductor and U is possible. Furthermore, we provide an example of actual insulation design applied to a developed C-GIS.
Introduction
Cubicle-type gas-insulated switchgears (C-GISs) used in the field of medium voltage switchgears are rectangular, and have smaller dimensions than air-insulated switchgears. These features are suitable for placing C-GISs into urban power plants. In addition to conventional needs such as compactness, reliability, and safety, the replacement of SF 6 , used as an insulation gas in C-GISs, is necessary because it has strong greenhouse potential. Although there are some alternative insulation gases, such as electronegative gases excluding SF 6 (1) or compressed nitrogen (2) , we believe that it is suitable for C-GISs to use compressed air, which has no greenhouse potential and is easy to purchase. For the above reason, a more profound study on the breakdown characteristics of compressed air is needed now more than ever.
The breakdown characteristics of compressed air have been investigated and measured in the past (3) , and recently, breakdown voltage and partial discharge inception voltage have been measured under a few rod-to-plate gaps (4) . However, to broadly apply compressed air to C-GISs, it is important to identify dependence of breakdown on the maximum field strength on a high-voltage conductor surface (E max ). If good dependence can be seen in compressed air as well as SF 6 , insulation design based on E max is executable. It can be estimated from the effective ionization coefficient vs. field strength ((α−η)/p vs. E/p) that the dependence in compressed air is less than that of SF 6 (5) . However, to conclude that the insulation design based on E max is difficult in compressed air is premature because practical verifications by means of breakdown voltage measurements have not been conducted. Therefore, the dependence of breakdown on E max should be confirmed from results of breakdown voltage measurements. Generally, most of the insulation gaps formed in C-GIS gas tanks have non-uniform field distribution because highvoltage conductors have smaller radial curvature than those in the GIS (Gas-Insulated Switchgear). In consideration of such a complicated inner structure, it is appropriate to specify the dependence of breakdown on E max under non-uniform field gaps. The non-uniform field gaps in C-GISs are classified into three types:
( 1 ) Non-uniform field gaps that consist of conductors and gas, ( 2 ) Non-uniform field gaps with triple junctions due to the contact of solid insulating materials to highvoltage conductors, and ( 3 ) Non-uniform field gaps that consist of conductors, gas, and solid insulating materials, but that do not form triple junctions due to the placement of the solid insulating materials near the high-voltage conductors. Here, even if non-uniform field gaps in a C-GIS are classified into the same type, the non-uniformity of their field distribution differs from each other. Therefore, it is necessary for the respective gap type to recognize relationship between the breakdown field strength and the non-uniformity of field distribution. In addition, if common tendencies regarding the above mentioned relationship are discovered among the three gap types, it is possible to establish insulation design criteria for all kinds of gap types.
In this paper, to apply the compressed air insulation to the C-GISs, we discuss breakdown field strength in compressed air under non-uniform field gaps, from the following viewpoints: ( a ) To identify dependence of breakdown on E max , and ( b ) To understand breakdown field strength at the point where E max is formed vs. non-uniformity of field distribution. First, for the above gap type (1), we identify the relationship between the breakdown field strength at the point where E max is generated and the field utilization factor, U. Here, U expresses the index concerning the non-uniformity of field distribution of the gap. Second, for gap types (2) and (3), we discuss the breakdown field strength when the distance between a solid insulating material and an earth electrode behind the solid insulating material, or the distance between the solid insulating material and a high voltage electrode, is varied. Third, we calculate U for the gap types (2) and (3) to find common tendencies of the breakdown field strength for all gap profile types. As a result, we discover that the relationship between the breakdown field strength and U for all gap profile types show the same tendency. This indicates that insulation design based on E max is executable for compressed air. In addition, we show an example of the insulation design applied to a developed C-GIS.
Experimental Method

Parts that Require Careful Insulation Design Inside C-GISs
Shapes and arrangements of sample gaps were decided based on parts that required careful insulation design inside actual C-GISs. Before showing the sample gaps, we need to explain the internal structure of C-GISs and the parts that need careful design. Figure 1 shows a typical inner structure of C-GISs and an aspect of voltage application in a voltage endurance test. The gas tank of a C-GIS contains vacuum interrupters, operating rods, insulating rods connecting a high-voltage conductor and the operating rods, and insulating barriers between phases, etc. Regarding voltage endurance tests, there are cases in which a test voltage is applied to a given phase while the other phases are grounded, as shown in Fig. 1 .
For example, in the case of the structure shown in Fig. 1 , the parts needing careful insulation design are (a) and (b). Part (b) indicates a non-uniform field gap comprising a high-voltage conductor with a small radial curvature, a grounded conductor, and an insulating material. This gap's discharge channel runs from the high-voltage conductor to the grounded conductor via the insulating material. Since a triple junction is not formed in this gap, the gap is classified into gap type (3). As shown in Fig. 1 , there are cases in which another grounded conductor is placed behind the insulating material (the so-called "back conductor").
When the high-voltage conductor in part (b) contacts the insulating material, part (b) is classified into gap type (2) because a triple junction is formed. There are also cases in which a back conductor is placed in this gap. Insulators supporting high-voltage conductors or the insulating rods are included in gap type (2) .
In addition to parts (a) and (b), there are other parts requiring careful insulation design. However, most of them can be classified into either of the gap types (1), (2), or (3). Table 1 and Fig. 2 show sample gaps. The sample gaps in Table 1 are to be discussed with respect to gap type (1) . Each gap consists of a grounded plate electrode and a high-voltage electrode whose tip/edge has a small radial curvature. The gaps No.1-4 in Table 1 . Shapes and arrangements of gaps comprising conductors and gas (in mm) the table are rod-plate systems, while No.5-7 are plate-plate systems. Minimum gap length is 30 mm for a φ50-mm hemispherical rod, while maximum is 104 mm for a φ80-mm plate with an R1-mm edge. The other gap lengths are mainly 40-100 mm. The sample gap in Fig. 2 is to be discussed with respect to gap types (2) and (3). A high-voltage electrode and a grounded back electrode are placed above and below a discshaped insulating board, respectively, while a ring-shaped grounded electrode surrounds the insulating board. Distance a between the insulating board and the back electrode and distance b between the insulating board and the high-voltage electrode are both adjustable. The material of the insulating board is polyester (ε = 6.0) or epoxy (ε = 4.8). Electrode materials used are stainless steel for hemispheric rods, copper for φ80 plates, and stainless steel for earth electrodes, respectively.
Sample Gaps and Gases
We used a 20% oxygen/80% nitrogen gas mixture, which has a similar composition to air, and SF 6 for comparison.
Breakdown Voltage Measurement and Statistical Analysis
First, the electrodes were polished using polishing paste to a mirror finish with a centerline average roughness of 0.05 µm. Next, the electrodes and the insulating board were rinsed in ethanol using an ultrasonic wave washer. These were set in a gas vessel illustrated in Fig. 2 . After fully evacuating the vessel, we filled the sample gas to a designated pressure and then left the vessel for more than ten minutes until going down the gas flow inside the vessel.
Second, positive 1.2/50-µs impulse voltages were applied by the up-and-down method. To calculate 50-% breakdown voltages (V 50 ) using the Weibull statistic distribution formula, more than twenty instances of breakdowns were recorded per pressure using a voltage divider and a digital oscilloscope. The Weibull statistic distribution formula is as follows:
where F is the breakdown probability, V is the applied voltage, V 0 is the scale parameter, V min is the location parameter, and m is the shape parameter. V 0 and m are calculable by analysis of Weibull plots expressed LnLn(1/(1 − F)) vs.
Ln(V).
Since it is generally difficult to calculate V min from the Weibull plots, in this paper we substitute zero for V min .
Here, under the gaps in Fig. 2 with SF 6 , we recorded five instances of breakdowns per pressure and exchanged the insulating board at every gas pressure, since the breakdown voltage decreased by repeating several times of flashovers due to generate carbonized tracking channels on the insulating board. On the other hand, under the gaps in Fig. 2 with air, we have verified neither the decrease of breakdown voltage due to the repetition nor the serious tracking channels on the board. Thus, we did not exchange the board at every gas pressure.
We measured the partial discharge inception voltage for gaps No.1 and 2 in Table 1 in air. Luminescence due to partial discharge was detected with a photo-multiplier.
Electric field analysis
We conducted an electric field analysis for all gaps to calculate both the field utilization factor U and the 50-% breakdown field strength (E 50 max ) at the point where E max is formed. Figure 3 shows an example In the case of the gaps in Fig. 2 , the distance between the high-voltage electrode and the ring electrode (L in Fig. 3 ) was input to calculate the numerator of Eq. (2) because all breakdowns occurred between the high-voltage electrode and the ring electrode. In the case of gaps with a triple junction, the electric field at the nearest analysis point to the triple junction is adopted for calculating E 50 max .
Results and Discussion
Dependence of E 50 max for Gaps Comprising Conductors and Compressed Air on Field Utilization
Factror U First, we explain E 50 max of gaps comprising conductors and compressed air, shown in Table 1 . Figure 4(a), (b) , and (c) show E 50 max of 0.15, 0.20, and 0.25 MPa.abs. air vs. the field utilization factor U, respectively. As shown in the figures, plotted data almost lie along a curve that increases as U decreases. These features indicate that breakdown in air depends on E 50 max , and that the E 50 max depends on the non-uniformity of the field distribution. Therefore, calculations of both E max and U enable us to estimate the breakdown voltage accurately. The same tendency as shown in Fig. 4(a), (b) , and (c) has been verified under 0.1 MPa.abs.
To understand the reason why E 50 max in Fig. 4 increases as U decreases, Fig. 5 shows the partial discharge inception field strength (PDIE) and E 50 max for 0.1 MPa.abs. air vs. U. PDIE remains almost constant against U; therefore, the difference between PDIE and E 50 max increases as U decreases. This tendency could be seen at 0.15 MPa.abs. These results mean that the effect of partial discharge on the suppression of discharge growth (corona stabilization effect) becomes greater as non-uniformity of the field distribution increases.
Reference (4) also reports E 50 max and PDIE of compressed air under hemispheric rod (R2.5, R5, and R10 mm) -plate gaps with distances of 40, 60, and 80 mm. Then, E 50 max and PDIE of Ref. (4) are plotted in Fig. 4(a), (b) , and (c) and By careful obsevation of Fig. 4(a) , (b), and (c) we can find that there are cases in which E 50 max for φ80 mm plate-plate gaps increases as U increases. The reason is that the increase of V 50 was very slight, even when the gap lengthened. The essential reason for this may be based on the difference in the corona stabilization effect among gap lengths. As mentioned above, the tendency of E 50 max for individual gap arrangement does not always follow the overall tendency. However, we regard the overall tendency as important becasuse it is difficult to decide the dimensions of insulating distances and radial curvatures of high-voltage conductors based on the limited tendencies appearing in the results of only a few gap arrangements.
Basic Characterisitics of E 50 max and V 50 for Gaps Including Solid Insulating Materials
In this section, we explain E 50 max and V 50 for two types of gaps shown in Fig. 2 vs. insulation distance a or b in the figure. After explaining these basic characteristics, we will mention the relationship between E 50 max and the field utilization factor U in the next section.
( 1 ) Gaps that form triple junctions Figure 6 shows E 50 max of 0.1, 0.15, and 0.23 MPa.abs. air under gaps forming triple junctions (b = 0 mm in Fig. 2 ) vs. distance a between the insulating board and the back electrode. Here, E 50 max indicates the value at an analysis point nearest the triple junction. Radial curvature of the high-voltage electrode is 5 mm. Figure 6 also includes data obtained under the condition that the back electrode was removed. The breakdown field strength in the figure decreases as a increases, and as a result, the values in the region of a > 55 mm are almost the same as those under the condition without the back electrode, indicating that the back electrode's influence on breakdown field strength disappears by detaching the back electrode from the insulating board. The same tendency as shown in Fig. 6 could be seen when the radial curvature of the high-voltage electrode was 10 mm.
On the other hand, Fig. 7 shows the variation of V 50 under the same condition as that given in Fig. 6 . It is difficult by only looking at Fig. 7 to understand the back electrode's influence on surface breakdown, because each curve in the figure has a maximum and a minimum. Therefore, it is reasonable to evaluate the breakdown characteristics using field strength rather than voltage, indicating the dependence of breakdown on E max .
( 2 ) Gaps that do not form triple junctions decreases as b increases, and remains constant in the region of b > 8 mm, indicating that the influence of solid insulating materials on breakdown field strength disappears by detaching the high-voltage electrode from the solid insulating material. In addition, there is no difference in breakdown strength between the different materials of solid insulating board, nor the radial curvatures of the high-voltage electrode. These results show very clearly that the breakdown depends on E max , thereby presenting the possibility of insulation design based on E max . The same tendency as shown in Fig. 8 has been verified under 0.1 and 0.23 MPa.abs. Here, we consider that the difference in E 50 max at b = 0 mm between the epoxy board and the other two is within the limits of scattering.
Expansive Application of Field Utilization Factor U to Gaps Including Solid Insulating Materials
The breakdown field strengths for the three gap types mentioned in Sections 3.1 and 3.2 have the following relevance to each other: The gap with b = 0 mm in Fig. 2 is different to the gaps with b > 0 mm due to the formation of the triple junction. Nevertheless, Fig. 8 shows that it is reasonable to consider that the breakdown field strength of gaps with b = 0 mm lies on an extended curve of the breakdown field strength of gaps with 1 < b < 20 mm. This means that there is no discontinuity in the breakdown field strength between the gaps that do or do not form triple junctions.
On the other hand, as explained in the section 3.2, the breakdown field strength in the 8 < b < 20 mm region in Fig. 8 is almost identical to the value of the gap without the back electrode and the insulating board. This means that there is no discontinuity in the breakdown field strength between the gaps that contain no solid insulating materials and the gaps existing the solid insulating materials near highvoltage conductors. Consequently, we estimate that common breakdown characteristics dominate the breakdown field strength for the above three gap types. In this section, the field utilization factor U is applied to the gaps that contain solid insulating materials to identify common features of breakdown field strength unrelated to gap profiles.
Figure 9(a) shows overall characteristics of E 50 max for 0.15 MPa.abs. air for the three gap types vs. U. Figures 9(b) and (c), obtained by re-plotting the data in Figs. 6, 8 , etc, show individual E 50 max for gaps with and without a triple junction, respectively. Data of the three gaps in Fig. 9 (a) almost lie on a curve, which indicates that breakdown in compressed air under all types of gap arrangement initiates when E max reaches a critical value, and that E 50 max for all types of gap arrangement depends on the non-uniformity of the field distribution. Therefore, for all types of gap arrangement, calculations of both E max and U enable accurate estimation of the breakdown field strength and voltage. The same tendency as shown in Figs. 9(a), (b) , and (c) has been verified under all other gas pressures.
We consider that the reason why E 50 max in Figs. 9(b) and 9(c) increase with decreasing U as follows: When the insulating board whose relative dielectric constant is much larger than 1.0 is placed near the high-voltage conductor, field strength on the surface of high-voltage conductor increases while U decreases. Furthermore, there is a possibility that the corona stabilization effect appears because the space charges are accumlated on and above the insulating board.
3.4
Comparison of E 50 max between Air and SF 6 Figure 10 shows E 50 max of 0.1 MPa.abs. air and SF 6 vs. U, while Fig. 11 shows the ratio of E 50 max of air against that of SF 6 . Figure 10 shows that the difference in E 50 max between SF 6 and air decreases as U decreases, and as a result, the ratio in the U < 0.1 region in Fig. 11 is greater than 0.4. This fact is convenient for insulation design of C-GISs because considerable range of U for the insulation design is generally below 0.3.
An Example of Insulation Design based on Field Strength to Air Insulated C-GIS
We developed 12-, 24-, and 36-kV-rated air-insulated CGISs based on the breakdown characteristics mentioned above. In this chapter, we present an example of applying air-insulation technology based on the field strength on the high-voltage conductor to developed C-GISs.
For example, a disconnector installed in a developed C-GIS consists of a movable blade electrode and a fixed electrode. When the lightning impulse voltage regulated by the IEC standard is applied to the movable blade, and the fixed electrode and the gas tank are both grounded, a strong electric field forms around the movable blade. Thus, great care should be taken when designing the movable blade. We then conducted a three-dimensional analysis for the movable blade, and determined its dimensions.
Figures 12(a) and (b) show final dimensions of the movable blade and gap between the movable blade and gas tank and a result of three-dimensional electric field analysis of the Figure 12 (c) also shows the electric field at the tip of the movable blade when the IEC standard voltage is applied. As shown in Fig. 12(c) , the point plotted is slightly below the curve; if the gap length between the movable blade and the gas tank or its radial curvature is expanded, the field strength at its tip decreases. However, these expansions contravene the market's need to downsize C-GISs. Since the field strength for optimized insulation design is slightly lower than the curve in Fig. 12 (c), we were able to determine the relevant dimensions, as shown in Fig. 12(a) .
We also designed such other non-uniform field gaps as shown in Fig. 1 based on E max and U. As explained above, it is effective to design internal structures in actual C-GISs based on calculations of both E max and U. 
Conclusion
To apply compressed-air insulation to C-GISs, we identified characteristics of breakdown field strength in compressed air under non-uniform field gaps, and investigated the possibility of insulation design based on the maximum field strength on the high-voltage conductor. The results are as follows:
( 1 ) Breakdown in compressed air under all types of gap arrangement initiates when the maximum field strength on the high-voltage electrode reaches a critical value. In addition, the value depends on the field utilization factor U. 
